INTRODUCTION
In the last decade, time-domain terahertz spectroscopy (TDTS) 1 has become a powerful means to study properties of various materials from dielectrics to semiconductors 2 and superconductors 3, 4 . More recently, TDTS has been successfully applied to precise gas sensing 5, 6 . TDTS operates with sub-picosecond pulses of electromagnetic radiation which in the frequency domain implies coverage of a very broad range spanning from tens of gigahertz to few terahertz. Thus, TDTS bridges a large frequency gap between microwave and conventional infrared spectroscopy. Moreover, being a phase-sensitive method, it allows the extraction of the complex refractive index of a material from either transmission or reflection data without the use of Kramers-Kronig analysis. In most of materials science applications, the transmission configuration of TDTS (TTDTS) is employed. This method is well developed and reliable but is obviously applicable only to transparent samples. Therefore, highly conductive materials can be studied with TTDTS only in the form of thin films, and for measurements on bulk samples the TDTS in reflection geometry (RTDTS) becomes the only choice. Various perspective THz imaging applications 7 especially THz tomography 8 are also based on the measurement of the complex reflectivity. To date, there have been only few works published reporting realization of the RTDTS 9, 10 . Such systems appear difficult to adjust since a change of the incidence angle requires a complete realignment of the whole spectrometer. Thus, the creation of a time-domain THz spectrometer that allows easy change of the incidence accepted for publication in Review of Scientific Instruments (August 2001) angle along with measurements in transmission configuration significantly extends the area of the TDTS applications.
II. EXPERIMENTAL SETUP

IIa. TRANSMISSION CONFIGURATION
In the transmission configuration, the convertible time-domain THz spectrometer is identical with the experimental arrangements widely described in literature 11, 12 . Our setup ( Fig. 1 ) is powered by a Spectra-Physics' Tsunami Ti:Sapphire laser (pulse length 50 fs, central wavelength 780 nm, average power 650 mW) and operates according to the pump-probe scheme whose principle can be briefly described as follows. The initial laser beam is split in two parts. One of them, the pump beam, hits an emitter which in the response to the optical pulse releases a sub-picosecond pulse of THz radiation. The probe beam gates the detector whose response is proportional to the amplitude and the sign of the electric field of the THz pulse. By varying the delay between pump and probe pulses the whole time profile of the THz pulse is traced. Then the complex transmittance of a sample is given as the ratio of the Fourier transforms of a pulse transmitted through the sample and a reference e.g. freely propagating pulse.
As an emitter of THz radiation we use a large-aperture low-temperature-grown GaAs (LT-GaAs) 13 photoconductor dc-biased at 1800 V. The emitted radiation is guided from the emitter through a sample onto a detector by a classical sequence of four off-axis 
IIb. REFLECTION CONFIGURATION
In order to make the spectrometer transmission-reflection convertible and to enable a smooth change of the incidence angle, all optical elements are installed on an aluminum adjustable frame with five pivotal points ( The use of the adjustable frame guarantees that the optical paths of the pump and probe beams remain unchanged. In order to change the angle of incidence, it is sufficient to readjust only the mirrors at the pivotal points. Moreover, once fixed in the transmission configuration, the four-paraboloids sequence requires no further tedious adjustments.
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As a sample holder, we use a modified New Focus flipper mirror mount ( fig. 3 ). The modification consists of two instead of one adjustable mirror holder frames being mounted on the flipper perpendicular to each other. A sample is attached to one frame and a reference silver mirror is held by another one so that the change between the sample and the mirror is done by flipping the mount.
The total time required for the change of the incidence angle, adjustment of pump and probe beams and the measurement itself does not exceed 15 minutes.
The precise control of sample position is a challenging experimental task in timedomain reflection spectroscopy 14 . Similarly to the case of measurement of the complex transmissivity, to obtain the frequency dependence of the complex reflectivity, it is necessary to perform two measurements: of the pulse reflected from a sample and the one reflected from a reference surface. Naturally, the sample and the reference mirror have to be consequently placed in the same point with the maximum precision possible otherwise the phase information would be significantly distorted. Before the start of the reflectivity measurements, the sample and the reference mirror positions are adjusted in a sample holder adjuster ( fig. 2) . The optical laser beam is picked up before the spectrometer and sent to the sample (or the reference mirror). Steering the reflected beam to make it pass through a narrow aperture we achieve that the sample's surface is set in the same position as the reference mirror with 100 µm precision. Then the holder is installed back to the pivotal point P3. But in reality the mechanical adjustment is often not sufficient for phase-sensitive measurements. The ways to improve further the phase sensitivity are discussed in Section IIIb.
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III. SAMPLE MEASUREMENTS AND DISCUSSION
IIIa. MEASUREMENTS OF RELATIVE COMPLEX REFLECTIVITY
The effectiveness of the described technique has been tested by measuring the complex transmissivity and reflectivity of a 0.3 mm-thick high-resistivity silicon wafer (? 0 = 10 kO cm). In fig. 4 
where d is the thickness of the sample. The complex refractive index spectrum obtained this way is shown in fig. 5 . It is seen that the agreement with previously reported data 15 is excellent.
Then these values of n * have been used for the calculation of the complex reflectivity through the Fresnel formulae 16 :
where T is incidence angle of the THz radiation, s-and p-polarizations imply that the THz beam is polarized perpendicular and parallel to the incidence plane.
In order to perform measurements of the reflectivity of s-polarized THz radiation, both the emitter and the detector antenna are turned for 90°. Fig. 6 shows measured amplitude reflectivities compared to the predictions of (2) This leads to errors in the determined refractive index which are particularly large in the case of weakly absorbing materials like silicon (see fig. 7 ). The approaches to overcoming the problem are described in the following section.
IIIb. HOW TO DEAL WITH PHASE UNCERTAINTY NUMERICAL CORRECTION OF PHASE
Having measured the complex reflectivity for either s-or p-polarization, we can get rid of f 0 with the help of a simple mathematical procedure. We introduce into (2) and (3) and then subtract it from the phase of R * (?) at all frequencies. This method is simple and direct but its drawback is that the usage of Fresnel formulae (2) or (3) is valid only when the reference surface can be treated as an ideal reflector compared to the sample.
EXTRACTION OF THE REFRACTIVE INDEX FROM AMPLITUDE REFLECTIVITIES
When the reflectivity is measured for both s-and p-polarization, the system of equations (2) 
REFERENCE-FREE MEASUREMENTS
In principle, the polarization sensitivity of the THz emitter and the detector antenna 
The numerical solution of (6) using (2) and (3) yields the spectrum of the complex refractive index n*(?). This approach is free from the problems of non-ideal reference surface and the f 0 but requires precise mechanics which guarantees that the rotation of the emitter and the detector does not change the optical path of THz radiation for more than few microns.
IV. OUTLOOK
A number of further improvements can enhance the performance of the spectrometer and make it even more flexible. The upper frequency limit is given by the detector antenna.
State-of-the-art THz antennas are able to detect frequencies as high as 5 THz 17 . By replacement of free-space optics by a fiber-optic system similar to that offered by Picometrix, Inc. a spectrometer requiring no readjustments at all can be created. To enable low-temperature measurements, a continuos-flow cryostat or bath cryostat rather than a close-cycled one should be chosen since high amplitude vibrations of the latter make the precise positioning of a sample difficult. 
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